The relationship between the Chondrichthyes (cartilaginous fishes), the Actinopterygii (ray-finned fishes), and the piscine Sarcopterygii (lobe-finned fishes) and how the Tetrapoda (four-limbed terrestrial vertebrates) are related to these has been a contentious issue for more than a century. A general consensus about the relationship of these vertebrate clades has gradually emerged among morphologists, but no molecular study has yet provided conclusive evidence for any specific hypothesis. In order to examine these relationships on the basis of more extensive sequence data, we have produced almost 1,000,000 bp of expressed sequence tags (ESTs) from the African marbled lungfish, Protopterus aethiopicus. This new data set yielded 771 transcribed nuclear sequences that had not been previously described. The lungfish EST sequences were combined with EST data from two cartilaginous fishes and whole genome data from an agnathan, four ray-finned fishes, and four tetrapods. Phylogenomic analysis of these data yielded, for the first time, significant maximum likelihood support for a traditional gnathostome tree with a split between the Chondrichthyes and remaining (bone) gnathostomes. Also, the sister group relationship between Dipnoi (lungfishes) and Tetrapoda received conclusive support. Previously proposed hypotheses, such as the monophyly of fishes, could be rejected significantly. The divergence time between lungfishes and tetrapods was estimated to 382-388 Ma by the current data set and six calibration points.
Introduction
After the evolution of jaws, the conquest of land was the next major step in vertebrate evolution, leading to the extraordinarily adaptable and successful tetrapods, the limbed vertebrates. How these relate to their piscine ancestors has been studied for over a century (Cope 1892) , but in details remain controversial (Janvier 2007) . Current systematic schemes (Janvier 1996) classify extant, jawed vertebrates into three major clades of aquatic gnathostomes: the Chondrichthyes (cartilaginous fish such as sharks, rays, and ratfish); the Actinopterygii (ray-finned fishes); and the Sarcopterygii (lobe-finned fishes, coelacanths, and lungfish). The terrestrial vertebrates, or the Tetrapoda, which are commonly included in the Sarcopterygii, comprise three extant clades: the Amphibia, the Sauropsida (reptiles and birds), and the Synapsida (mammals). Current advances in paleontology and the availability of genomic data facilitate the resolution of the tetrapod origin.
Morphological and paleontological studies of the 20th century placed the clade Chondrichthyes as sister group to all other extant gnathostomes. The Chondrichthyes differ from the clade Osteichthyes (bony fishes) or Teleostomi, by their cartilaginous skeletons, the separate gill openings (except in chimaeroids), the lack of endochondral ossification and the absence of a lung or swim bladder (Janvier 1996 and references therein). The Osteichthyes split into two main lineages, the Actinopterygii and the Sarcopterygii, on the basis of the different attachment of their fins to the body. Sarcopterygian fins are connected to the body via a single radial bone, which allows a more flexible movement as the fins can be moved freely in different directions. This is the primary character that has led to the hypothesis that the lineage leading to the four-limbed tetrapods has evolved from sarcopterygian fishes (Rosen et al. 1981 ) some 419-408 Ma (Müller and Reisz 2005) . Another important character is the presence of choanae, internal nostrils, which allow breathing while the mouth is closed. However, the positional homology of these structures in tetrapods and piscine sarcopterygians is debatable (Janvier 2004) .
In the 1990s, the relationships among the extant gnathostome clades were addressed by molecular data. These analyses yielded somewhat different results, however. Initial mitochondrial (mt) analyses (Meyer and Wilson 1990; Zardoya and Meyer 1996) appeared to confirm the view that tetrapods had evolved from sarcopterygian fishes, thereby demonstrating the applicability of mt sequences to resolve these deep divergences. Subsequent mitogenomic studies yielded similar results by using cartilaginous fishes as outgroup (Zardoya et al. 2003) . However, none of these studies could actually provide an answer to the phylogenetic questions raised, because of the a priori assumptions that chondrichthyans or actinopterygians were the outgroup to sarcopterygians and tetrapods, thereby assuming a particular polarity in the vertebrate tree. Mitogenomic analyses of the 12 H(heavy)-strand encoded mt protein-coding genes and using unequivocal outgroups, such as agnathans or invertebrates (Rasmussen and Arnason 1999; Arnason et al. 2001; Arnason et al. 2004) , yielded results that were inconsistent with the previous mt studies by favoring monophyletic fishes as the sister group to tetrapods. In this tree, chondrichthyans were not the primary divergence among extant gnathostomes, and piscine sarcopterygians were separated from the tetrapods. This mitogenomic topology received support in analyses of nuclear rRNA genes (Mallatt and Sullivan 1998) , whereas other studies, such as those of globin genes (Gorr et al. 1991) recovered the traditional tree with the piscine sarcopterygians including tetrapods and recent cartilaginous fishes as the earliest branch among gnathostomes. Thus, the principal relationships of the gnathostome tree remained unsettled in phylogenetic analyses of single nuclear genes.
The provocative mitogenomic findings were challenged by Takezaki et al. (2003 Takezaki et al. ( , 2004 in analyses of multiple (35-48) concatenated nuclear genes. The nuclear results reinforced the traditional gnathostome tree by identifying piscine sarcopterygians and tetrapods as a monophyletic group. The studies of Takezaki et al. (2003 Takezaki et al. ( , 2004 were based on a data set that was %10,000 amino acids (aa) long and of which %35% were ribosomal protein sequences. However, these nuclear gene studies had a restricted taxon sampling, because they focused on the relationship among the Agnatha (jawless fishes) or piscine sarcopterygians and tetrapods. Even increasing the gnathostome taxon sampling could not conclusively resolve the phylogenetic positions of chondrichthyans and sarcopterygian fishes in maximum likelihood (ML) in analyses of a data set that was based largely on Takezaki et al. (2003 Takezaki et al. ( , 2004 or a subset of slower evolving genes (Blair and Hedges 2005) . Similarly, the analysis of seven nuclear genes from several vertebrate species yielded the traditional vertebrate tree, but the chondrichthyan and sarcopterygian branches received only limited statistical support (Kikugawa et al. 2004 ). Yet, the support, although limited, for the traditional tree from these nuclear gene studies indicated that the results from the mitogenomic analyses might have been artifacts caused, for example, by the higher evolutionary rate of mtDNA or, most probable, a compositional bias.
The increasing availability of whole genome data has revolutionized phylogenetic studies. The use of data sets that are between 1.6 and 2.8 Mbp long Kullberg et al. 2007 Kullberg et al. , 2008 Wildman et al. 2007; Hallström and Janke 2008) has refined the resolution in the mammalian tree and yielded more precise divergence time estimates of different divergences. In the current study, we examine early gnathostome divergences on the basis of larger data sets than previously used to address these issues. Complete genome sequences from four actinopterygians and one agnathan are now available (Aparicio et al. 2002; Jaillon et al. 2004; Kingsley et al. 2004 , Danio rerio Sequencing Group at the Sanger Institute, unpublished, Petromyzon marinus: Genome Sequencing Center at Washington University, unpublished), but whole genome data for a cartilaginous fish and a lobe-finned fish have not been produced yet. The lungfishes (Dipnoi) constitute a particular problem with respect to genome sequencing due to the enormous sizes of their genomes.
The genome of the marbled lungfish, Protopterus aethiopicus, is estimated to be the largest in the animal kingdom. Depending on the method used, the size of the genome of P. aethiopicus has been estimated to be 11-38 times larger than that of Homo (Pedersen 1971; Vervoort 1980; Vinogradov 2005) . This makes it necessary to resort to alternative means for collecting dipnoan nuclear sequence data. Sequencing expressed sequence tags (ESTs) is an efficient method to obtain large amounts of proteincoding sequence data for phylogenetic analysis. This approach has successfully been used in several recent phylogenomic studies (Philippe et al. 2004; Kullberg et al. 2007 Kullberg et al. , 2008 Roeding et al. 2007 ). Here, we have established EST data from a lungfish (P. aethiopicus) and utilized EST libraries from cartilaginous fishes to extend the data set currently available for studying primary gnathostome relationships. Utilizing ESTs from different species is a challenging task, however, because the sequence spectrum of the libraries may not overlap. The molecular data were also used to estimate the time of early gnathostome divergences based on a collection of six gnathostome calibration points.
Materials and Methods

RNA Isolation and EST Sequencing
Total RNA was isolated from 1 g of freshly frozen liver from P. aethiopicus by the acid guanidinium thiocyanate-phenol-chloroform extraction method (Chomczynski and Sacchi 1987) . The first precipitate was insoluble in the GTC solution (4 M guanidinium thiocyanate, 0.5% Nlaurylsarcosine, 25 mM sodium citrate, pH 7.0). Therefore, the pellet was dissolved in 0.25 vol of an RNA precipitation solution (0.8 M disodium citrate and 1.2 M sodium chloride) and precipitated in 0.25 vol isopropanol (Sambrook and Russell 2001) before continuing with the original protocol. The RNA was reverse transcribed, cloned, and 1,200 random ESTs were sequenced by Qiagen, Valencia, Germany.
Preparation of EST Data and Data Collection
The raw EST sequences of the lungfish were trimmed at the ends when the phred quality value fell below 20 to improve the overall sequence quality and reduce the number of sequence artifacts. Furthermore, sequences of total length of 200 nt or less were excluded from the data set.
EST sequences were collected for two chondrichthyans from the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov). For the little skate, Leucoraja erinacea, 22,139 sequences, dbEST library ids 15890, 17626, 20422, and 22984 and for the spiny dogfish (shark), Squalus acanthias 32,562 sequences could be obtained, dbEST library ids 16552, 18195, 20023, and 20417 (Forest et al. 2007; Parton et al. 2007 ). These two sequence sets as well as the novel EST sequences from the lungfish were grouped into clusters of similar sequences using the CLOBB software (Parkinson et al. 2002) . From the clusters, consensus contigs were built using CAP3 (Huang and Madan 1999) . This build resulted in sets of 8,685, 13,966, and 775 tentatively unique sequences from the skate, the shark, and the lungfish, respectively.
The EST sequences in each cluster that were present in at least four copies were aligned with MUSCLE (Edgar 2004) to assess the quality of the lungfish EST sequences. The number of sites differing from the consensus was counted following Kullberg et al. (2007) , and the overall percentage of sequencing errors was calculated. The lungfish EST sequences were categorized with respect to their biological activities by submitting the accession numbers of the identified human orthologs to the PANTHER classification system (http://www.pantherdb.org).
In addition to the EST data, predicted cDNA sequences from whole genome data with assemblies and gene builds were collected for eight species from release 49 of Ensembl (ftp://ftp.ensembl.org/pub/current_fasta/). The data set represents four tetrapods-Gallus gallus (chicken), Homo sapiens (human), Monodelphis domestica (gray short-tailed opossum), and Xenopus tropicalis (western clawed frog), and four actinopterygians-D. rerio (zebrafish), Gasterosteus aculeatus (three-spined stickleback), Takifugu rubripes (torafugu), Tetraodon nigroviridis (spotted green pufferfish).
The 775 EST-based sequences from lungfish were used to perform local Blast searches with a cutoff E-value of 10 À15 against human cDNA sequences for obtaining putative human orthologs. These searches resulted in 295 lungfish-human sequence pairs, which were aligned pairwise and inspected manually. Sequences with alignable regions of at least 400 nt were kept for the following steps: For these remaining 201 sequences, orthology information was extracted from the Ensembl databases through the BioMart interface (www.biomart.org), for the remaining seven tetrapod and actinopterygian species. In order to avoid that a bias toward a higher similarity of tetrapod and lungfish sequences was caused by the search strategy, the initial Blast search was also performed in a reversed taxon approach: Lungfish sequences were searched first against an actinopterygian fish genome, the zebrafish (D. rerio). This analysis resulted in 287 of the same sequence pairs that were identified by searching against the human sequences, and no additional sequences were identified.
Finally, putatively orthologous sequences for the two chondrichthyans and the outgroup species, P. marinus (sea lamprey), were obtained by Blast searches (cutoff E-value at 10 À15 ) against their respective sets of sequences. The lamprey genome data were only available as a prerelease (as of March 2008, ftp://genome.wustl.edu/pub/organism/ Other_Vertebrates/Petromyzon_marinus) and had to be manually searched for sequences through the web interface at http://www.ensembl.org using Blast. A sequence from at least one species of tetrapods, chondrichthyans, and actinopterygians, respectively, as well as from the lungfish and sea lamprey, was required in the alignment as a final selection criterion for a gene to be included in the data set.
The remaining orthologous sequences from the 12 species were translated to aa sequences and aligned with MUSCLE. The aa alignments were then used as a template for creating nucleotide sequence alignments using the original, untranslated sequences. The resulting alignments were manually inspected, and obviously nonorthologous sequences and ambiguously aligned segments were removed from the data set. An RY-coded nt alignment was created by coding the purines (A and G) as R and the pyrimidines (C and T) as Y.
Phylogenetic Analysis
The alignments were examined for biases in nt or aa composition by counting the respective characters and performing v 2 tests for compositional homogeneity. The same test was performed on the RY-coded sequences. In addition, the data set was analyzed for high distance values that escaped the data build process, because sequences with large distances are likely to have high levels of mutational saturation and are difficult to align with confidence. Such sequences or regions thereof may therefore adversely affect the phylogenetic analysis. The distance analysis was done by calculating the uncorrected (P) distance between human and the outgroup (lamprey) in a 200-nt window that was moved 50 bases until the end of the alignment. The same procedure was performed on the aa alignment.
The Akaike information criterion for 32-nt and 112-aa candidate models was compared for the data sets in Treefinder (Jobb et al. 2004 ) to determine the best-fitting evolutionary models for phylogenetic reconstruction. For first and second codon positions (NT12), and all nucleotide data (NT) the preferred model of sequence evolution was general time reversible (GTR; Lanave et al. 1984) under the assumption of rate heterogeneity among sites (Yang 1994) . Eight classes of gamma distributed rate categories (8C) were used, resulting in the GTR þ 8C model for nt analyses. For the aa sequences, the Jones, Taylor, and Thornton (JTT) model (Jones et al. 1992 ) was the bestfitting model of sequence evolution also under the assumption of rate heterogeneity. Thus, the JTT þ 8C model of sequence evolution was used for the analyses of aa sequences.
Phylogenetic trees were reconstructed by ML analysis using Treefinder for all codon positions (NT123), first and second codon positions (NT12), and aa data. For each analysis, a heuristic search was made. In addition, an exhaustive analysis was made. Assuming the monophyly of chondrichtyans, tetrapods, and actinopterygians, 15 possible tree topologies need to be considered. These alternative tree topologies were compared in an ML framework by calculating their Shimodaira-Hasegawa probabilities, pSH (Shimodaira and Hasegawa 1999) and approximate unbiased test statistics, pAU (Shimodaira 2002 ) using the Treefinder, Tree-Puzzle (Strimmer and von Haeseler 1996) , and PAML (Yang 1997) software. These statistical analyses were performed on NT123, NT12, and aa. Additionally, a codon-level analysis was performed in PAML.
The divergence times were estimated with Treefinder based on the local rate minimum deformation method (LRMD), the nonparametric rate smoothing method (NPRS), the log-NPRS, and the Global rate (GR) for comparison (Jobb et al. 2004 ). The ML aa tree topology shown in figure 1, its branch lengths, and six calibration points were used as parameters for the divergence time calculations. The mean divergence times and their standard deviations were calculated by the bootstrap method implemented in the Treefinder program using 1,000 replicates (Jobb et al. 2004) . In addition, a Bayesian estimation was performed with the multidivtime (MDIV) program package running for 1,000,000 generations (10% burn-in). The divergence of marsupial and placental mammals (Theria) was set to 138 Ma, because Treefinder requires that one divergence time is fixed. Although paleontological evidence of this divergence gives a hard lower bound of 124.6 Ma and a soft upper bound of 138.4 Ma (Benton and Donoghue 2007) , phylogenomic dating using 1.5, 2.2, and 2.8 Mbp, respectively, consistently arrive at an age close to or at the upper bound of 138 Ma Kullberg et al. 2007; Hallström and Janke 2008) . However, for comparison, the divergence times were also estimated using 124.6 Ma for this therian split. The remaining calibration points are illustrated in figure 2 and were used as provided by Benton and Donoghue (2007) with their upper and lower bounds.
Results
In total, 974,314 nt from 1,133 lungfish EST sequences were obtained (submitted to NCBI dbEST under accession numbers FL668350-FL669482). Clustering Phylogenomic Analysis of Lungfish EST Sequences 465 and contig building resulted in 779 unique sequences, consisting of 678,507 characters. The average length of these sequences was 849 nt. The frequency of sequencing errors was estimated to 0.04%. Unexpectedly, only four of these sequences were of mt origin. Of the 775 unique nuclear sequences, 771 have not been previously reported to databases for this species (P. aethiopicus), and 761 of the sequences were found to be novel for the whole Dipnoi clade. A putative human ortholog was identified for 295 genes, and when possible its biological function was cataloged. Table 1 summarizes the properties of lungfish ESTs for classes with more than six genes. According to the PANTHER classification system, the lungfish EST data show a broad spectrum of genes, most of which are housekeeping genes. Individual inspection identified only one ribosomal gene, that of the ribosomal protein L4, RPL4.
Data collection, filtering, and alignment of cartilaginous fish ESTs and cDNAs from available genome data resulted in a data set of 78 aligned genes of 12 vertebrate species. These genes and the properties of the human orthologs according to the PANTHER classification are listed in supplementary table 1, Supplementary Material online. The total length of the concatenated alignments was 65,247 nt or 21,749 aa. The average observed (p) nucleotide distance between human and lamprey was 20.7 ± 8.36%, and no distances exceed 50% in any 200-nt-long region. For aa sequences, the average distance was 10.6 ± 7.24%, with the maximum at 38% for any 200-aa region. The lungfish and the agnathan were represented by all sequences, whereas within other vertebrate clades (chondrichtyans, actinopterygians, and tetrapods) sequences were allowed to be missing as long as the clade was represented by at least one sequence of each gene.
The v 2 analysis for compositional homogeneity showed that the overall base composition differed greatly among the species. Thus, all but one species failed the v 2 test on compositional homogeneity (table 2). The high GC content of the actinopterygians and the outgroup, relative to the tetrapods, lungfish, and cartilaginous fishes is prominent and causes the v 2 test to fail for nearly all species. The same test was performed on the RY-coded sequences. The recoding of the nt data to R and Y characters obscures all transitions and considers only transversions. Excluding third codon positions or applying RY coding on the data reduced the compositional bias to the extent that almost all species passed the v 2 test for compositional homogeneity. The aa sequence data showed a homogeneous character composition for all species (table 2) making the aa sequences the preferred data set for the phylogenomic analyses. Figure 1 shows the ML tree of the aa alignment and JTT þ 8G model (Jones et al. 1992; Yang 1994) . All branches received 100% ML bootstrap support. Despite the compositional biases of the NT12 (nucleotides at first and second codon positions) and RY sequences for some species, the analysis of these data resulted in the same well-supported tree (ML bootstrap 100%) as shown in figure 1. However, analysis of the NT123 (all codon positions) alignment grouped the cartilaginous fishes with Tetrapoda plus Dipnoi. The ML analysis was extended to calculate the pSH and pAU values for the 15 possible rooted gnathostome topologies that can be constructed from four taxa (chondrichthyans, actinopterygians, dipnoan, and tetrapods). The pSH and pAU values were calculated for the aa, the NT12, NT123 alignments, and the pSH values were calculated for the codon analysis. Table 3 summarizes the results for topologies that received P ! 0.001 in any analysis. The results of aa, NT12 sequence data, and the codon analysis rejected at the 5% level of significance or higher all topologies that deviated from the best topology that is shown in figure 1 .
The grouping of chondrichthyans with tetrapods plus lungfish that was reconstructed from the NT123 data set received strong support from the pSH and 23% probability from the pAU statistics. All other 15 topologies were significantly rejected. However, this unexpected result is presumably an artifact caused by the above-mentioned similarities in base composition. Recoding the NT123 nucleotide data to R and Y reduced the compositional heterogeneity (table 2) and weakened the support for this topology. The ML analysis of the RY-coded alignment produced nearly the same probabilities for the topology shown in figure 1 and that reconstructed from the NT123 data.
The effect of the compositional bias in the NT123 alignment was further examined by sequentially removing the species according to their GC content. Thus, excluding T. nigroviridis, G. aculeatus, and T. rubripes in this order or in any other combination from the analysis, made the topology in figure 1 successively more likely. This constitutes strong evidence that similarities in base composition attracted the actinopterygians to the outgroup and/or chondrichthyans to the tetrapods.
The estimated divergence times among the different vertebrate groups are shown in a chronogram in figure 2 for the LRMD, method (Jobb et al. 2004 ). The mean divergence time values and their standard deviations for different methods are summarized in table 4. The different methods of calculating the divergence time of the lungfish agreed within 6 My with each other. The lungfish tetrapod divergence was estimated by LRMD to be 383.5 ± 2.24 Ma, by NPRS to be 387.4 ± 2.95 Ma, by NPRS-LOG to be 387.0 ± 2.77 Ma, by GR to be 388.1 ± 2.78 Ma, and by MDIV to be 382.1 ± 3.18 Ma. It should be noted that the divergence time of the root, that is, the split between the cartilaginous and bony fishes is unrealistically old, because the root could only be constrained by a lower bound of 420 Ma. Under these conditions, the root age becomes unreliable. Virtually the same divergence times were estimated when the therian divergence was set to 124.6 Ma, indicating the limited influence of distant calibration points. The differences were less than 0.1 My.
Discussion
EST data have been proven to be a powerful and economic tool for producing protein-coding sequences for phylogenetic studies (Philippe et al. 2004; Steinke et al. 2006; Kullberg et al. 2007; Roeding et al. 2007) . Even a minor EST project like the current one on the lungfish yielded 771 sequences that had not previously been reported to databases. These and later accumulating lungfish EST sequences will provide an important source for upcoming studies on their evolution and biology. Given that the lungfishes, with P. aethiopicus as an extreme, have genomes that are some 30-100 billion nucleotides large (Pedersen 1971; Vervoort 1980; Vinogradov 2005 ) dipnoan genomesequencing projects appear unrealistic based on current DNA sequencing technology. It is therefore likely that the establishment of cDNA libraries and EST sequences will, in the near future, remain a major source for studies of dipnoan protein-coding genes. With today's sequencing techniques, the sequence errors of ESTs are in the order of 0.01-0.04% after elimination of poor sequences with a phred score ,20 from each read. These sequences are usually close to the 3# or the 5# end. The remaining error rate is generally at or below the level of allelic variation thereby diminishing concerns about the quality of ESTs (Parkinson et al. 2002; Kullberg et al. 2007 ). Sequence errors at this level are not expected to notably influence phylogenetic analysis of deep divergences.
The functional spectrum of the EST sequences of the current study is similar to that of some other recent studies exploiting vertebrate ESTs in phylogenetic studies Kullberg et al. 2008) . As expected, moderately to highly expressed genes, mostly of the housekeeping type, are common in the data set used. These include among others heat-shock response, proteolysis, glycolysis, vesicle transport, protein metabolism, and cell structure proteins. Unexpectedly, only one ribosomal protein, RPL4, was obtained from the dipnoan cDNA library. This is in contrast to other EST-based studies on animal relationships, which recovered and utilized ribosomal protein-coding genes to a large extent. (Takezaki et al. 2003; Roeding et al. 2007 ). The largest nuclear gene data set based on EST sequences previously used for studying deep-level vertebrate relationships comprised about 35% ribosomal sequences (Takezaki et al. 2003 (Takezaki et al. , 2004 Blair and Hedges 2005) . Thus, the broader spectrum of the current dipnoan EST sequences allows a somewhat different look at vertebrate relationships using molecular data.
Putative human orthologs could be identified for 295 of the 775 nuclear lungfish EST sequences. It is probable that this reduction in the number of phylogenetically useful sequences is due to sequence divergences that have accumulated during approximately 400 My of evolution. It was also to be expected that the combination of different EST data would further reduce the total number of sequences that could be included in the phylogenetic analyses. This is despite the fact that the extensive EST libraries that were available from the cartilaginous fishes included about 22,000 and 32,000 reads, respectively Parton et al. 2007 ). These limitations and the strict selection of sequences left 78 protein-coding genes with a total length of 65,247 nt representing the outgroup and all ingroup lineages for analysis. Figure 1 shows the phylogenetic tree obtained in the ML analysis of aa sequences. The analyses yielded unanimous bootstrap support and unit Bayesian probability values for all branches in the figure and alternative trees could significantly be rejected by ML analysis. The results corroborated the view that sarcopterygians include tetrapods and a split between chondrichtyans and remaining gnathostomes (Takezaki et al. 2003 (Takezaki et al. , 2004 . These relationships are inconsistent with mitogenomic findings (Arnason et al. 2004) and the analyses of nuclear rRNA data (Mallatt and Sullivan 1998) . With respect to the relationship between chondrichtyans and bony gnathostomes, it is noteworthy that this particular relationship was, as previously mentioned, not conclusively resolved in an earlier molecular study (Blair and Hedges 2005) .
The current estimates of the divergence times showed general agreement with the fossil record, even if some dates are estimated at the limits of their constraints, indicating that the respective divergence may actually be older or younger. The lungfish-tetrapod divergence when left NOTE.-Divergences a-j are described in figure 2.
unconstrained was estimated to 382-388 Ma, an estimate that was substantiated by different analytical approaches. This estimate is somewhat younger than the oldest member of the Tetrapodomorpha, a clade of sarcopterygians with tetrapod features, which is represented by the 395-Myold fossil Kenichthys (Chang and Zhu 1993; Zhu and Ahlberg 2004) . However, the molecular divergence time estimate is surprisingly accurate given that it differs only by 2-3% from the fossil age and its error appears to be within the error range of the fossil age. The oldest members of the Dipnomorpha, that is, lungfishes and their fossil relatives, are the extinct Porolepiformes and Youngoloepididae, currently regarded as the closest fossil sister groups to lungfishes. They occur in the late Pragian, 407 Ma, possibly late Lochkovian, some 410-412 Ma (Zhu et al. 1999; Zhu and Schultze 1997) . The oldest presumed sarcopterygian, Psarolepis romeri, is known from the Silurian-Devonian boundary, 415 Ma, but could initially not be assigned to a specific bony fish group and was regarded as a possible stem osteichthyan on the basis of its mosaic of sarcopterygian, actinopterygian, and even placoderm, chondrichtyan, or acanthodian characters (Zhu et al. 1999) . However, after the identification of new fossils and reanalysis of the data, this species has been designated to be a sarcopterygian (Zhu et al. 2006) .
The oldest potential actinopterygian, Andreolepis hedei, is 421 My old (Gross 1968; Märss 2001) , but this taxon is only known from fragmentary material and it is not ruled out that it could be a stem osteichthyan (Botella et al. 2007) . If so, the oldest unchallenged actinopterygian would be Dialipina markae (Schultze 1992) , from the Lochkovian, 410-415 Ma. Thus, the fossil record indicates that the split between actinopterygians and sarcopterygians took place %421-416 Ma (Benton and Donoghue 2007) . Müller and Reisz (2005) placed the split between lungfishes and tetrapods shortly thereafter at 412-408 Ma. It is evident that both the fossil and molecular evidence suggests that the early divergences among bony gnathostomes took place within a narrow temporal window.
Chondrichthyans are unambiguously recognized by their prismatic calcified cartilage. This characteristic has been identified in 405-407-My-old fossils (Janvier 1996; Miller et al. 2003) . Typical shark-like teeth, though not associated with prismatic calcified cartilage, appear in the early Lochkovian, %412 Ma (Botella 2006; P. Janvier, personal communication) , whereas more comprehensive skeletal remains are considerably younger, for example, that of the 370-My-old Cladoselache (Janvier 1996) . Denticles and isolated scales have been reported from the Middle Ordovician, 460-470 Ma, but these fossils cannot be clearly attributed to chondrichthyans (Janvier 1996 (Janvier , 2007 Sansom et al. 1996 ). The precise picture of the origin of cartilaginous fishes is obscured by the uncertain phylogenetic position of the acanthodians. However, unequivocal fossil evidence of the origin of cartilaginous fishes falls at about 412 Ma (Botella 2006) , close to or even inside the early divergence times of osteichthyans, sarcopterygians, and tetrapods.
A specific fossil estimate of the divergence time between cartilaginous and bony fishes is not yet available, and a stringent molecular date for this divergence cannot be given in this study. The reason for this is that the root of the vertebrate tree could not be constrained by a date. Most phylogenetic dating algorithms provide unrealistically old estimates of deep divergences under these circumstances, because the unconstrained node tends to drift back in time. A more realistic age could be calculated if the node of the divergence between living agnathans and gnathostomes could be temporally constrained but that would require a nonvertebrate root. Mitogenomic analyses (Rasmussen and Arnason 1999) have placed the divergence between chondrichthyans and osteichthyans based on distance data at 420 Ma, whereas the nuclear gene analysis of Blair and Hedges (2005) placed the same divergence at 525 Ma. The former estimate of 420 Ma seems to be too recent whereas the latter estimate would require a gap of nearly 100 My in the otherwise rich gnathostome fossil record and therefore appears to be unrealistically old.
The fossil and molecular evidence suggests that the primary divergences among extant gnathostomes took place within narrow time limits. Therefore, provided the fossils truthfully reflect the divergences between chondrichthyans, actinopterygians, piscine sarcopterygians, and tetrapods, it is not surprising that relationships among these clades have been difficult to resolve by molecular and fossil data. The inclusion of the coelacanth into the succession of gnathostome divergences complicates matters even further as its position has been difficult to establish even by reasonably large molecular data sets (Takezaki et al. 2004; Blair and Hedges 2005) . The early divergences among living gnathostome fish taxa, including tetrapodomorphs took place within about 10 My, leaving on average very small temporal time windows for each split. Such narrowly spaced divergences that took place some 400 Ma are hard to resolve even through phylogenomic analyses.
As mentioned earlier, the size of the current data set was 65,247 nt. This size can be compared with that of recent molecular studies of mammalian relationships, a group for which the most comprehensive phylogenomic analyses have been made, because rich compilations of whole genome data have recently become available. It could be shown that at least 8,000-aa sequence sites (on average 22 protein-coding genes) were necessary to resolve the branching of therian and monotreme mammals with significant support, although their divergences were separated by 30 My and their split occurred relatively recent at about 170 Ma (Kullberg et al. 2008) . Temporarily more closely spaced mammalian divergences required even more sequence data, and some could not be resolved even by analyses of nearly 3 Â 10 6 nt of protein-coding sequences . This was the case when divergences were separated by less than 2-3 My and speciation processes such as incomplete lineage sorting or species hybridization probably jumbled the phylogenetic information of the genome . The current data set may be close to the lower limit for resolving the crowded gnathostome relationships addressed here and still more data might be needed to determine the position of the coelacanth. Generally, the difficulties in resolving the primary gnathostome radiations using molecular sequences may appear greater than those encountered in morphological comparisons that surprisingly Phylogenomic Analysis of Lungfish EST Sequences 469 show these divergences fully resolved even within temporal windows of 2 My some 400 Ma (e.g., Clack 2002) . It may be impossible to achieve such accuracy with molecular data.
Based on ML-based pSH and pAU tests, the current study significantly supported a gnathostome split between cartilaginous and bony fishes and the sister group relationship between dipnoans and tetrapods. The results unequivocally imply that the tetrapod limb is derived from the monobasal paired fins as seen in piscine sacropterygians, thereby making the evolutionary transition of vertebrates from water to land about 365-370 Ma possible. In the end, this transition gave rise to the wide spectrum of tetrapod morphotypes that occur today. After 400 My of evolution, the major vertebrate clades have separated into the current system of classes and infraclasses. However, it is easily forgotten that their divergence nevertheless took place at much lower taxonomic levels, which would be difficult to resolve even if they were studied from today's taxa.
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